Abstract: Faba bean is a crop at high risk for late season frost injury, which results in reduced yield and marketability. After frost exposure, tannin-containing cultivars showed lower proportions of frost-damaged seeds when compared with zero-tannin cultivars. Tannin-containing cultivars may mitigate the risk of commercial downgrading due to frost damage.
Introduction
Faba bean (Vicia faba L.) is an annual cool-season pulse crop that is well adapted to the irrigated areas of southern Alberta and regions of the Black Soil zone (Park et al. 1999) . However, in years with early fall frost, faba bean may suffer severe frost damage, resulting in lower yield and poor seed quality (Rowland 1978) . During severe and (or) prolonged freezing events, blackening or staining can occur to grain that is still filling, negatively affecting subsequent marketability, especially whole faba grain intended for the human consumption market.
Currently in Alberta, white flowered, zero-tannin faba beans are predominantly used because of higher protein and energy digestibility in monogastric animals (Crépon et al. 2010) . However, these crops have shown poor emergence in cold soil when compared with normal tannin isolines (Kantar 1994 , cited in Stoddard et al. 2006 . Conversely, all but one winter hardy faba bean cultivar (Gladice) commonly used in Europe have coloured flowers (Link et al. 2010) , which contain on average between 47 and 58 times more tannins in the seed coat (Bos and Jetten 1989) . Furthermore, in a cold tolerance screening experiment of faba bean, white flower accessions were found to be the most susceptible, whereas cold-tolerant accessions of faba bean and wild relatives had high pigmentation (Inci and Toker 2011) . One Canadian study also reported a zerotannin cultivar (Snowbird) that presented more visible effects of frost damage compared with normal tannin cultivars, including a late maturity cultivar that had been seeded 13 d later (Braaten 2012) .
One possible mechanism explaining the role of tannins in frost protection is their activity as a supercooling promoting agent or anti-ice nucleating agent (anti-INA), which prevents intracellular ice formation and subsequent damage (Koyama et al. 2014) .
Although several possible cryoprotectant substances and mechanisms have been previously investigated, the effects of tannin concentration and its correlation to frost damage have not been rigorously studied (Link et al. 2010) . In this paper, we discuss observations of a naturally occurring frost event recorded at three experimental sites that showed a reduction in frost damage among normal tannin compared with zero-tannin cultivars, even after controlling for maturity.
Materials and Methods
To determine the extent of late-season frost damage to maturing seeds of spring sown faba bean, 10 cultivars from two distinct trials were assessed after a frost event that occurred at three test sites on 10 Sept. 2014. Both trials were established at three affected sites in Barrhead (latitude 54.1181°, longitude −114.2711°), Morinville (latitude 53.7979°, longitude −113.4731°), and Vegreville (latitude 53.4242°, longitude −112.2189°).
In experiment 1, the adaptability of non-registered European cultivars was being evaluated, while experiment 2 evaluated the agronomic performance of newly registered cultivars throughout Alberta. The cultivars in each experiment included two types of spring faba bean: normal tannin (T+), identified by the presence of pigmentation on the flowers and seed coat, and zero-tannin (T-), which lacks such pigmentation (Table 1) . Both experiments were complete randomized block designs with four replicates at each site.
Plots at all locations were seeded with a custommanufactured Fabro drill (Fabro Ltd, Swift Current, SK), equipped with double shoot atom-jet openers at 20 cm spacing and a seeding rate of 45 plants m . All cultivars received granular rhizobia inoculant and were fertilized with the equivalent to 25 kg P 2 O 5 ha −1 at seeding. Standard weed control and other crop maintenance activities were used. Hourly minimum ambient temperature data of the 48 h period during which the freezing event occurred was obtained from the nearest meteorological station to each experimental site (data not shown).
Frost damage was assessed by visually determining the number of damaged seeds (blackened) present in a 100-seed sample obtained randomly with a sampling paddle from the harvested grain at each plot. Days to maturity (DTM) were determined prior to desiccation by visually estimating the date when 90% of the pods in a plot turned black.
Grain from whole plots was harvested with a plot combine and then dried and weighed to determine yield. Harvested grain samples were sub-sampled to determine the weight of 1000 seeds (thousand-seed weight, TSW).
Analysis of variance for frost damage was conducted assuming a binomial distribution and a logit link function. Such analysis was performed using the GLIMMIX procedure in SAS 9.3 (SAS Institute Inc., Cary, NC). Least square means were obtained through the ilink option. Location, cultivar, and location × cultivar were considered fixed effects and block nested within location was considered random. Cultivar × block (location) was also included in the random statement as suggested for generalized binomial linear predictors (Stroup 2015) .
Days to maturity was analyzed with the same procedures using a gamma distribution with a log link function as suggested in Stroup (2015) .
Yield and TSW analyses were performed with the same procedures using a normal distribution. All pertinent comparisons were performed with a linear contrast, using the estimate option and Scheffe's adjustment for multiplicity.
Results

Frost damage and location
All cultivars were subjected to sub-freezing temperatures and exhibited varying proportions of seed damage (Table 1) . Mean frost damage across all test sites ranged from 7.7% to 48.2% in experiment 1 and from 8.6% to 54% in experiment 2. The effect of location was significant only in experiment 2. No significant interactions between cultivar and location were found (Table 1) .
Frost damage and cultivar
Cultivars in both experiments showed significant differences in frost damage (Table 1 ). Contrast analysis showed that tannin-containing cultivars had a significantly lower proportion of frost damage (Fig. 1) . The group comparison between zero-tannin and normaltannin cultivars showed a difference in frost damage proportions that favoured the tannin-containing cultivars in both experiments (Table 1) . Zero-tannin cultivars had 2.2 times more frost-damaged seeds than normal tannin cultivars in experiment 1 and 4.5 times more in experiment 2, respectively.
The association between the presence of tannins and frost damage was statistically significant even after accounting for crop maturity. Overall, cultivars with a relatively late maturity showed a higher percentage of frost-damaged seeds; however, normal-tannin cultivars compared with zero-tannin cultivars with the same maturity presented a statistically significant difference in frost damage (Table 1) . For instance, frost damage for 'Imposa' (T-) more than tripled the pigmented 'Obelisk' (T+) (48.2% vs. 15.0%, respectively) despite having the same maturity (Table 1) . This trend was also reported for early maturing cultivars 'Snowbird' (T-) and 'Rodeo' (T+), where the frost damage for zero-tannin 'Snowbird' more than doubled the tannin-containing 'Rodeo' (19.6% vs. 7.7%, respectively). A similar trend also occurred in experiment 2 where 'Snowbird' (T-) and 'Tabasco' (T-) more than doubled the frost damage of 'Malik' (T+) (30.6% and 44.6% vs. 7.8%).
Although the inverse relationship between frost damage and tannin content held true when adjusted for maturity, there was still a significant difference in overall frost damage between early and late maturing cultivars among both tannin-related groups. Early and intermediate maturing cultivars had fewer damaged 
Replicates within location were considered random effects. Significant effects (p < 0.05) are bolded. DTM, days to maturity; TSW, thousand-seed weight; -, no value.
a Frost damage and days to maturity were assumed to follow binomial and gamma distribution, respectively, yield and TSW were fit through normal distributions. Analysis of variance for days to maturity data pertains to visual rating from eight site-years including all sites in 2014 (frost year). seeds than late maturing cultivars of the same tannin profile (Table 1) . The exception to low frost damage and early maturity was 'Snowbird' (T-), which despite being the earliest maturing cultivar, had more frost damage than other early and intermediate cultivars in both experiments, as well as the late maturing 'Obelisk' (T+) in experiment 1 (Table 1) .
Frost damage and yield
The yields affected by frost were comparable with mean yields of the same cultivars grown at the same sites during years with no frost events (Table 1) . However, there was a negative correlation between frost damage and the yield of affected cultivars (Table 2) and this relationship was much stronger among the zerotannin cultivars (r = −0.94; p = 0.0165).
Tannin-containing cultivars outperformed zerotannin cultivars in terms of seed yield in experiment 1 (Table 1) , but had comparable yields in experiment 2 (p = 0.056).
Frost damage and thousand-seed weight
Thousand-seed weights in both experiments were significantly different for location and cultivar and their interaction was significant only in experiment 1.
In the year of the frost event, there was a significant drop in TSW compared with non-frost years (Table 1) . A paired weight comparison (paired t test) of 100 undamaged and 100 frost-damaged seeds showed a significant difference in weight (p < 0.0001). The reduction in weight for damaged seeds averaged 11.8 g per 100 seeds, or the equivalent of a 21.4% reduction in TSW.
Discussion
Frost damage
The effect of location on frost damage was significant only in experiment 2 (p < 0.0001), but the difference was consistent across sites for both experiments (data not shown). Damage was most severe at Morinville, followed by Vegreville and Barrhead. Mean frost damage for location appears to be in step with accumulated precipitation (experiment 1: r = 0.924, p = 0.094; experiment 2: r = 0.998, p = 0.001), conceivably because of its influence on development, maturity, and drying rate.
Cultivars showed significant differences (Table 1) in frost damage in both experiments and behaved similarly between locations (Table 1) . Differences in frost damage exposed a strong association with the presence of Note: Significant effects (p < 0.05) are bolded. DTM, days to maturity; TSW, thousand-seed weight; -, no value. tannins even after accounting for crop maturity. The presence of tannins may explain the large discrepancy in frost damage differences when maturities were comparable. This indicates that early maturity alone may not be a sufficient factor in escaping the deleterious effects of late-season frost.
The damage-tannin association agrees with previous findings where white flower genotypes have shown weakness to low temperatures, while tannin-containing genotypes and wild relatives are more tolerant (Inci and Toker 2011) . Many tannin-related polyphenols found in faba bean (Baginsky et al. 2013 ) have also been found to have anti-ice nucleating (supercooling promoting) activity in freezing droplet assays of solutions containing ice nucleators (Kuwabara et al. 2013) . As faba bean cultivars with different tannin content are affected differently by frost exposure, the cultivar choice becomes an important tool to manage frost damage avoidance.
Frost damage and yield
Average yield from frost-affected cultivars in experiment 1 was comparable with those from years with no frost. This might suggest that yield would not be reduced by the late-season frost, which agrees with previous findings (Rowland 1978 ) that yields would stabilize when 30% of the plants had the lowest pods turned black. However, the yields from frost-damaged cultivars had a strong, negative correlation with the level of frost damage (r = −0.85, p = 0.0005), especially among those devoid of tannins (r = −0.93, p = 0.015).
Frost damage and TSW
The decreases in weight of frost-damaged seeds when compared with undamaged seeds are in agreement with a 3-yr study with six faba bean cultivars (Rowland 1978) where it was found that a killing frost led to a reduction in TSW. In addition to this, seed weights from experiment 1 were significantly decreased compared with previous years when no frost had occurred. Seed weight differences may be attributed to ice formation and injury that causes cell dehydration and turgor losses after thawing (Link et al. 2010) . Weight losses in damaged seeds combined with the proportion of frost damage conceivably account for the correlation between frost damage and lower yields.
Whether other morphologic and (or) physiologic characteristics play a role in imparting faba bean grain with frost tolerance should be the subject of more study. Further examination of tannin concentration would supplement our understanding of the mechanisms that confer the cultivars with variant degrees of frost tolerance and (or) susceptibility.
Conclusions
On average, tannin-containing faba bean cultivars appear to be significantly more tolerant to frost than zero-tannin cultivars, resulting in higher yields and improved seed quality. This relationship appears to hold true even when controlling for maturity. These results have significant implications for further research into the possible cryoprotectant role of tannins and their association with other physiological and (or) genetic components in faba bean genotypes. The selection of tannin-containing cultivars that are early maturing would greatly assist in reducing the risk of frost damage and commercial downgrading and improve the subsequent marketability into both the human and livestock markets.
